IGF-1 receptor signaling contributes to the growth of many solid tumors, including glioblastoma. This study analyzed the sensitivity of 8 glioblastoma cultures to the IGF-1 receptor inhibitor NVP-AEW541. Growth reduction, caused by a combination of antiproliferative and proapoptotic effects, varied between 20% and 100%. Growth-inhibitory effects of IGF-1 receptor siRNA were also demonstrated in 2 of the cultures. Activating mutations in PIK3CA were found in 2 cultures, and 2 other cultures displayed ligand-independent Akt phosphorylation. Growth inhibition was significantly reduced in cultures with PIK3CA mutations or ligand-independent Akt phosphorylation. PTEN siRNA experiments supported the notion that the status of the PI3K/PTEN/Akt pathway is involved in determining NVP-AEW541 sensitivity. Combination treatments with either PI3 kinase or mTOR inhibitors together with NVP-AEW541 were performed. These experiments demonstrated the effects of NVP-AEW541 in cells not responding to mono-treatment with the IGF-1 receptor inhibitor, when used together with either of the 2 other inhibitors. Together, the studies support continued clinical development of IGF-1 receptor antagonists for glioblastomas and identify links between PI3K/PTEN/Akt status and sensitivity to mono-treatment with NVP-AEW541. Furthermore, the studies suggest that NVP-AEW541 is also active together with PI3 kinase and mTOR inhibitors in cultures with a dysregulated PI3K/PTEN/Akt pathway. These studies should assist in future clinical development of IGF-1 receptor antagonists for glioblastoma and other tumors.
A
series of experimental studies have demonstrated that IGF-1 receptor signaling contributes to the growth and survival of malignant cells from many types of solid tumors.
1,2 IGF-1 receptor expression is commonly observed on the epithelial cells of solid tumors, 3 and studies with different types of IGF-1 receptor antagonists have demonstrated proapoptotic as well as antiproliferative effects in human cancer cells following the IGF-1 receptor inhibition. 4, 5 A critical role of IGF-1 receptor signaling in the growth and survival of malignant cells is also supported by the observation that IGF-1 receptor-deficient fibroblasts are resistant to oncogene-mediated transformation. 6 In contrast to many other cancer-related receptor tyrosine kinases, the IGF-1 receptor does not appear to be a common target for mutational activation through, for example, amplification or point mutations. However, a number of different types of IGF-1 receptor inhibitors, including antibodies and low-molecularweight tyrosine kinase inhibitors, have entered clinical trials with promising results in tumor types where IGF-1 receptor mutations have not been described. 7, 8 Glioblastoma is the most common human brain tumor. Recent studies have demonstrated improvement in survival by treatment combining surgery, radiation, and temozolomide. However, median survival with this treatment is less than 15 months. 9 Additional treatments are therefore highly warranted. Studies on the genetics of glioblastomas have indicated that inactivation of the p53 and Rb pathways appears in most, if not all, tumors. 10 -14 Additionally, perturbations of growth factor pathways are common. Amplification of EGF receptors occur in about 40% of glioblastomas where about 60% have genetic alterations, which can give rise to the EGFRvIII variant, which lacks part of the extracellular domain. 15, 16 Furthermore, mutations of PTEN or PIK3CA have been demonstrated to occur in gliomas at frequencies of about 30% and 10% -30%, respectively. 17 -19 A role of IGF-1 receptor signaling in glioblastoma growth has previously been suggested based on the inhibitory effects of IGF-1 receptor inhibitors in cell and animal glioblastoma models. 20, 21 Although recent large-scale sequencing studies have not identified mutations in the IGF-1 receptor as a common event in glioblastoma, there is other evidence supporting a role of IGF-1 receptor signaling in glioblastoma growth. A recent study demonstrated that stimulation of glioblastoma cells induces proliferation and migration. 22 Furthermore, upregulation of IGF-1 was identified as a candidate mechanism for erlotinib resistance in glioblastoma cultures. 23 Together, these studies suggest that IGF-1 receptor activation, through paracrine or autocrine IGF-1 production, contributes to the pathology of glioblastoma.
NVP-AEW541 is a selective IGF-1 receptor lowmolecular -weight inhibitor, which has shown antitumor activity in experimental tumor models. 24 -27 In cellular assays, this compound displays an IC50 for the IGF-1 receptor inhibition of 0.086 mm, which is more than 20-fold lower than the IC50 for insulin receptors. 27 The IC50 for PDGFR and EGFR receptors in cellular assays is .10 mM.
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Receptor tyrosine kinase inhibitors show large variations in efficacy when used in model systems or patients. Accumulating results from the experimental and clinical studies suggest that mutational alterations in downstream signaling pathways, rendering cells less dependent on receptor signaling, confer lack of sensitivity. For example, KRAS mutations are associated with resistance to EGFR inhibitors in colorectal and lung cancer. 28 -32 Similarly, PTEN loss or mutational PI3 kinase activation has been implied as resistance mechanisms for HER2-and EGFR-targeting antibodies in breast, lung, and colorectal cancer. 33 -36 Finally, BRAF mutations also reduce sensitivity to EGFR-targeting antibodies. 37 So far, the effects of the status of downstream signaling pathways on sensitivity to IGF-1 receptor inhibitors have not been reported.
Concerning determinants of glioblastoma sensitivities to other inhibitors of receptor tyrosine kinases, some studies have been reported. 38 -40 Characterization of tumor specimens from patients receiving therapy with EGF receptor inhibitors, and associated experimental studies identified PTEN expression, Akt phosphorylation, and the expression of the EGFRvIII variant as important determinants of response to these agents. 38, 40 Furthermore, PDGFR expression and activation correlate with imatinib sensitivity. 39 In this study, we have analyzed the NVP-AEW541 sensitivity of a panel of high-grade -glioma cultures and combined these data with results from the analyses of IGF-1 receptor status and of the components of the PI3K/PTEN/Akt signaling pathway.
Material and Methods

Cell Culture
The establishment of the high-grade -glioma cultures and methods for the determination of their basal growth rate has been described previously. 39 
Drug-Induced Growth Inhibition
The cell cultures were analyzed with regard to the effect of NVP-AEW541, LY294002, or rapamycin. Stock solutions of 10 mM NVP-AEW541 (the drug was provided by Novartis), 20 mM LY29002 (Calbiochem), or 0.1 mM rapamycin (Calbiochem) were maintained at 2208C dissolved in DMSO. Cells were seeded at a density of 3000 -4000 cells/well in 96-well plates (Sarstedt). After 1 day of culture, media were exchanged to media with or without 1 mM NVP-AEW541, 20 mM LY294002, or 1 nM rapamycin. After 4 days of incubation, cells were fixed for 30 minutes in cold 4% para-formaldehyde in PBS and stained for 30 minutes with 0.01% crystal violet in 4% ethanol. Samples were washed 3 times with distilled water, and air-dried for at least 30 minutes. Stained cells were dissolved in 100 mL 1% SDS and absorbance was quantified in a Victor ELISA reader (PerkingElmer) at 600 nm. NVP-AEW541 response shown in Fig. 1 was calculated as described previously 39 and is expressed as a percent reduction in increase in cell amount during the 4-day period of treatment. In the experiments with combination treatments, growth inhibition was quantified by comparing the cell number in control-treated cultures, which was set to 1, with the cell number in cultures treated with 1 mM NVP-AEW541, 20 mMLY29002, or 1 nM rapamycin, which were used alone or in combination.
Analyses of IGF-1 Receptor Status
For the analyses of IGF-1 receptor protein expression and phosphorylation, 5 × 10 6 cells were plated in 10 cm dishes and grown in media containing 10% FCS. The next day, they were starved in 1% FCS overnight and stimulated with 10 ng/mL IGF-1 ligand (Peprotech) for 10 minutes at 378C, followed directly by lysis on ice. To precipitate the IGF-1 receptor, cell lysates were either incubated with wheat germ agglutinin (WGA, Sigma-Aldrich) overnight or preincubated for 1 hour with an IGF-1Rb antibody (Santa Cruz Biotechnologies) at 48C during slow rotation, followed by overnight incubation with protein-G sepharose (GE Healthcare Bio-Science). The next day, the samples were washed with lysis buffer and denatured in sample buffer and subsequently subjected to SDS -polyacrylamide gel electrophoresis (SDS -PAGE) in 8% gels followed by transfer to Hybond-C-extra membranes (GE Healthcare Bio-Science). Membranes were blocked for 1 hour with 10% BSA and incubated overnight at 48C with phospho-tyrosine antibody PY99 (sc-7020, Santa Cruz Biotechnologies) to detect phosphorylation of the IGF-1 receptor and with the same IGF-1Rb antibody as above to detect total amounts of receptor.
NVP-AEW541-Induced Changes in Apoptosis and Proliferation
For the analysis of apoptosis, cells were seeded at a density of 20 000 cells/well in 24-well plates. For the proliferation assay, 10 000 cells/well in 96-well plates were seeded. After 1 day of culture, media were exchanged to media with 3 mM AEW541 or addition of the same amount of DMSO. Proliferation was measured after 1 day of incubation by incubating cells with 5-bromo-2 ′ -deoxy-uridine (BrdU) for 5 hours followed by the analysis of incorporation with the BrdU Labeling and Detection Kit III (Roche). Apoptosis was measured after 2 days of incubation by the detection of cytoplasmic mono-and oligonucleosomes with the Cell Death Detection ELISA PLUS kit (Roche). Treatment with 25 mM etoposide was used as a positive control in both assays.
PCR, Sequencing, and Mutational Analysis
Previously described primers for PCR amplification and sequencing of PIK3CA, exon 9, were used (Sigma Genosys). 18 Genomic DNA was extracted from selected cell cultures with the Genomic DNA Purification Kit (Fermentas). Fragments for sequencing were amplified by PCR with PfuI enzyme (Promega). The correct size of PCR products was confirmed by agarose gel electrophoresis. PCR products were cleared of single-strand products and free phosphate ends by incubation at 378C for 45 minutes with 2 U exonuclease I (Fermentas) and 1 U calf intestine phosphatase (Fermentas). Reactions were terminated by heating to 808C for 15 minutes. Following DNA precipitation, samples were sent for sequencing (Eurofins MWG Operon). Sequence data were analyzed and compared with the genomic sequence of PIK3CA in Sequencher 4.7 (Gene Codes Corporation).
Analyses of PTEN and Akt
For the analysis of PTEN expression, cells were plated in 12-well plates (Sarstedt) at a density of 250 000 cells/well. After 24 hours of culture in media containing 10% FCS, cell lysates were prepared and subjected to SDS-PAGE using 12% polyacrylamide gels followed by transfer to Hybond-C-extra membranes (Amersham Life Science). Immunoblotting was performed with commercially available antibodies (antihuman PTEN antibody [clone 6H2.1], Cascade BioScience). Immunoblotting signals were quantified using the AIDA software, version 3.10.039 (Raytest).
For the analysis of Akt expression and phosphorylation, a similar procedure was performed as for PTEN, but 1.6 million cells/well were plated in 6-well plates. After 24 hours of culture in 10% FCS, cells were subjected to overnight starvation in 1% FCS. The following day, they were stimulated for 10 minutes at 378C with 10 ng/mL IGF-1 ligand. Immunodetection of Akt levels and phosphorylation was conducted in a similar way as for PTEN (Cell Signaling Technology).
siRNA-Mediated Downregulation of PTEN and IGF-1R
Cell culture 4 was used for analyzing the effects of PTEN downregulation. A total of 5000 cells/well were plated in 96-well plates in 1% or 10% FCS and 16 000 cells/ well in 6-well plates. The following day, cells were transfected with either control or PTEN siRNA (Dharmacon RNA Technologies) using DharmaFect transfection reagent 3 (Dharmacon RNA Technologies) according to the manufacturer's instructions. NVP-AEW541 was added 48 hours after transfection, and at this time point, transfection was repeated. Experiments were stopped 48 hours after drug addition, and the cell number was determined as described above. For the analysis of siRNA effects on the expression and phosphorylation of PTEN and Akt, cells from the 6-well plates were harvested at the same time point as for the growth experiment. For the detection of PTEN levels and Akt levels, Akt phosphorylation immunoblotting was performed as described above.
For the analysis of siRNA effects on the IGF-1 receptor, 3000 cells/well were plated in 96-well plates and 16 000 cells in 6-well plates. Transfection was preformed as described above with either control or siRNA IGF-1R (siGenome Smart Pool, Dharmacon RNA Technologies). Experiments were stopped 72 hours after transfection, and cell number was determined as described above. For the analysis of siRNA effects on IGF-1 receptor expression, cells from the 6-well plates were harvested 72 hours after transfection and subjected to the analyses of IGF-1 receptor mRNA and protein.
RNA Isolation, CDNA Synthesis, and qRT-PCR Isolation of RNA was performed with the RNeasy Mini Kit (Qiagen Inc.) according to the manufacturer's protocol. The RNA extracted was quantified with a Nano-Drop ND-1000 Spectrophotometer (Nano-Drop Technologies Inc.). cDNA was synthesized with the SuperScript III First-Strand Synthesis System for RT-PCR (Invitrogen) using polydT primers according to the manufacturer's instructions. A 2.5-mL sample of the resulting cDNA was used for a Real-Time PCR assay, using the SYBRgreen Universal PCR Master Mix (Applied Biosystems). Primers were used at a concentration of 200 nM. The reaction was performed with the 7500 Real-Time PCR system (Applied Biosystems) under conditions recommended by the manufacturer. Expression levels were normalized to the expression of the house-keeping gene HPRT or to the amount of input cDNA, determined by analysis with the Nano-Drop ND-1000 spectrophotometer (Nano-Drop Technologies). Primer sequences are: IGF-1R forward: CCTCAACGCCAATAAGTTCGTC and IGF-1R reverse: TAAGTGGTGAAGACTCCATCCTTG.
Results and Discussion
Eight cultures from a previously described panel of highgrade gliomas were analyzed with regard to sensitivity to NVP-AEW541. 39 As shown in Fig. 1A , sensitivity among the cultures showed large variation, ranging between 100% and 20% growth inhibition. Since the basal growth rate of these cultures show large differences, we analyzed whether a correlation existed between growth rate and sensitivity. A trend toward an association between the basal growth rate and the NVP-AEW541 sensitivity was observed, although it was not significant (data not shown). The mechanism causing the reduction in cell growth following treatment with NVP-AEW541 was further analyzed and demonstrated both antiproliferative and proapoptotic effects of the IGF-1 receptor inhibitor (Fig. 1B) .
The importance of IGF-1 receptor signaling was also analyzed by IGF-1 receptor siRNA experiments performed on cultures 4 and 35. siRNA-mediated IGF-1 receptor downregulation was confirmed by qRT-PCR and immunoblotting (Fig. 1C and D) . Quantification of immunoblots indicated downregulation with 40% and 47% in cultures 35 and 4, respectively (Fig. 1D) . As shown in Fig. 1E , downregulation of IGF-1 receptors in cultures 35 and 4 induced a significant growth inhibition when cells were cultured at 1% FCS. Similar findings were made also at 10% FCS conditions (Supplementary Material, Fig. S1 ).
Microarray-derived gene expression data for these cultures grown under basal conditions have previously been collected. 39 Hierarchical clustering of the 8 cultures used in this study was performed based on 67 features showing more than 4-fold differential expression in at least 2 samples and generated 2 clusters. No significant correlations were observed between drug sensitivity and the gene-expression -based clusters (data not shown). Array data were also used to investigate relationships between the levels of IGF-1 expression and the NVP-AEW541 sensitivity. Although IGF-1 expression was detected in all cultures, no associations were observed between IGF-1 levels and sensitivity to the IGF-1 receptor inhibitor. IGF-1 receptor expression levels and phosphorylation of the receptors, in the absence or the presence of ligand, were also analyzed to investigate if any relationship existed between sensitivity to the inhibitor and IGF-1 receptor status. IGF-1 receptor expression was detected in all 8 cultures (Fig. 1F) . In culture 4, the presence of activated IGF-1 receptors was also demonstrated by phospho-tyrosine immune-precipitation followed by IGF-1 receptor immunoblotting (Supplementary Material, Fig. S2 ). Expression levels varied between cultures, but no association was observed between the levels of receptor expression and drug sensitivity (data not shown). All cultures also displayed a 2-to 10-fold ligand-dependent increase in receptor phosphorylation (Fig. 1F) . Quantifications of the basal receptor phosphorylation, and of the ligand-induced increase in phosphorylation, did not identify any consistent associations between these characteristics and drug sensitivity (data not shown).
To analyze whether any relationship existed between PIK3CA mutations and sensitivity to NVP-AEW541, all 8 high-grade-glioma cultures were analyzed with regard to PIK3CA mutations as well as basal and ligand-induced Akt phosphorylation.
The mutation analyses of the catalytic p110 subunit of PIK3CA focused on exon 9, which has previously been shown to be the exon most frequently mutated in glioblastomas. As shown in Fig. 2A , this analysis revealed the presence of activating E542K mutations in cultures 21 and 34. Akt phosphorylation was analyzed in starved and IGF-1-stimulated cells. Quantification of basal Akt phosphorylation revealed that cultures 11 and 30 displayed high basal Akt phosphorylation levels (Fig. 2B) . Furthermore, Akt phosphorylation remained largely unaffected by the addition of exogenous IGF-1 in these 2 cultures, in contrast to what was observed in the other 6 cultures (Fig. 2B) .
To analyze the potential relationship between NVP-AEW541 sensitivity and PI3K mutations (cultures 21 and 34) or ligand-independent Akt phosphorylation (cultures 11 and 30), we compared the average growth inhibition in cultures with any of these types of aberrations with the other 4 cultures. As shown in Fig. 2C , these analyses revealed a significantly reduced growth inhibition in the cultures with PIK3CA mutations or ligand-independent Akt phosphorylation. Together, these findings suggest that these properties are associated with a reduced sensitivity to NVP-AEW541. To extend these associations, we explored experimentally the consequences of a well-defined experimental perturbation of this pathway. For this purpose, we selected siRNA-mediated PTEN downregulation to mimic the loss of PTEN, which is commonly observed in GBM. For this experiment, culture 4 was used. This culture has the characteristics of NVP-AEW541 responsiveness, the absence of PIK3CA mutation, and IGF-1 sensitive Akt phosphorylation ( Figs 1A, data not shown, and 2B) .
Transfection of PTEN siRNA resulted in consistent downregulation of PTEN protein (Fig. 3A) , with a concomitant increase in Akt phosphorylation (Fig. 3B) . siRNA-mediated downregulation also significantly reduced the growth-inhibitory response to NVP-AEW541 treatment (Fig. 3C) . The relative inhibitory effect, induced by 3 mM NVP-AEW541, was reduced from 57% in the cells transfected with control siRNA to 32% in cells transfected with PTEN siRNA (Fig. 3C) . It was noted that siRNA-mediated downregulation of PTEN also was associated with a reduction in the basal growth rate (Supplementary material,  Fig. S3A ). The negative effect on the NVP-AEW541 sensitivity and the basal growth rate by PTEN downregulation was also observed when assays were performed at low-serum conditions (Fig. 3D and Supplementary  material, Fig. S3A ).
To extend these findings, similar experiments were performed in the NVP-AEW541-sensitive GBM cell line U343MG. Also in this cell line, it was noted that PTEN downregulation led to an increase in pAkt/Akt, with a concomitant reduction in the basal growth rate and the NVP-AEW541 sensitivity (Supplementary material, Fig. S3B and C) .
These experiments thus support the notion that alterations in the PI3K/PTEN/Akt pathway are associated with a reduced sensitivity to mono-treatment with NVP-AEW541. However, it is also noted that the effects of PTEN downregulation on the basal growth rate of both culture 4 and U343MG cells introduce a confounding factor in these analyses.
Previous studies have suggested that the combinations of receptor tyrosine kinase -targeting agents, with inhibitors of downstream signaling molecules, such as PI3K or mTOR, can exert synergistic effects or overcome resistance to receptor tyrosine kinase inhibitors. 41, 42 To test if such a mechanism could also be demonstrated in the case of NVP-AEW541 effects on GBM cells, we performed combination treatments with a PI3K inhibitor, or an mTOR inhibitor, and the IGF-1 receptor inhibitor. For this purpose, we used cultures 21 and 34, which are characterized by activating PIK3CA mutations ( Fig. 2A) and lack of sensitivity to NVP-AEW541 (Fig. 1A) . In agreement with previous experiments, mono-treatment with NVP-AEW541 did not affect the growth of these cells. However, a significant effect of the IGF-1 receptor inhibitor was observed in both the cultures when it was used together with the PI3K inhibitor LY294002 (Fig. 4A) or with the mTOR inhibitor rapamycin (Fig. 4B) .
This finding suggests that the IGF-1 receptor inhibitors, when used in combination with other signal transduction inhibitors, might also have an effect in cells with a dysregulated PI3K/PTEN/Akt pathway.
In summary, our studies thus identify associations between PI3K/PTEN/Akt status and sensitivity to mono-treatment with NVP-AEW541. The studies also demonstrate that NVP-AEW541 is also active together with PI3 kinase and mTOR inhibitors in cultures with a dysregulated PI3K/PTEN/Akt pathway.
On the basis of the proposed PDGFR dependency of glioblastoma growth, 7 of the cultures of this study have previously been analyzed with regard to sensitivity to the PDGFR/c-kit/Abl-inhibitor imatinib. 39 Among the 3 NVP-AEW541-sensitive cultures, which also had been tested with regard to imatinib sensitivity, 2 cultures showed moderate or high sensitivity to imatinib (7 and 8). Culture 35, which expressed very low levels of PDGFRs, did not respond to imatinib. Interestingly, 3 of the 4 lowresponsive cultures were also insensitive to imatinib.
In the present study, Akt phosphorylation was augmented by the IGF-1 stimulation of the cultures expressing an activated PI3K variant ( Fig. 2A and B) . Previous biochemical analyses have indicated that the E542K and E545K mutants of the p110 part of PI3K (PIK3CA) in complex with p85 are not further activated by the addition of SH2 phospho-tyrosine ligands. 43, 44 Structural studies have suggested that these mutations lead to the disruption of an inhibitory interaction between the N-SH2 domain of p85 and the helical domain of PIK3CA. 43, 45 It is therefore likely that the ligand-dependent Akt phosphorylation in these cells is occurring through the activation of the wildtype variant of PIK3CA.
The present study strongly suggests that PI3K and PTEN status impacts on sensitivity to IGF-1 receptor antagonists. This is suggested by the observed associations between PI3K mutation status, as well as the ligand dependency of pAkt/Akt and NVP-AEW541 sensitivity. Furthermore, downregulation of PTEN led to a reduction in sensitivity, providing independent support for a role of PTEN as a sensitivity determinant. The associated finding that PTEN downregulation also reduced the basal growth rate remains to be better characterized. Possibly this phenomenon reflects a transient cell stress phenomenon, which would eventually be overcome following a longer time of culture.
In general, knowledge about the determinants of sensitivity and resistance to IGF-1 receptor inhibitors thus remains very limited. Interestingly, a recent study could demonstrate an association between the lack of sensitivity and the high levels of IGFBP-3 and -6. 46 This study also showed that high expression of the IGF-1 receptor and IGF-1 and -2 was associated with high sensitivity. These findings, as well as those of the present study, should be further validated in clinical settings.
In summary, this study thus supports the evaluation of the effects of IGF-1 receptor inhibitors, used alone or in combination, in glioblastomas. It is furthermore expected that this characterization of determinants of IGF-1 receptor antagonist sensitivity will aid in patient selection and thereby facilitate the test of this type of drugs in glioblastomas. The analyses performed in this study should also be extended to other types of solid tumors to optimize the clinical development of the novel IGF-1 receptor inhibitors.
Supplementary Material
Supplementary material is available at Neuro-Oncology online.
